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lecular beams are being used to study chemical interactions on surfaces
with increasing frequency and effectiveness., During the period beginning
in 1970 through the spring of 1975, the number of published papers in
this field approximately doubled. It is the purpose of this article

to comprehensively review the field of molecular beam studies of chemical
interactions on surfaces during thias period and provide a helpful per-
spective for the use of other workers in this ﬁeld.\
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' Within the scope of this article will be included molesular beam studiss L
of (1) chemisorption with special emphasis on " activated chemiscrptiom,” ¢ |
(11) studies of heterogeneous chemical reactions including simple wmi-
molecular dscomposition, (1ii) resctions with the surface or corrosiom,
and (iv) catalytic bimolecular reactions between distinct chemioal MJ j
on the surface. A discussion of the experimental details of molecular
beam techniques and their application to studies of chemical interactions
on surfaces has been largely avoided since this topic has been thorowghly ¢
discussed in other recent articles., _
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I.

RECENT STUDIES OF CHEMICAL INTERACTIONS ON
*
SURFACES USING MOLFCULAR BEAMS

Robert L, Palmer
IRT Corporation
P. O. Box 80817
San Diego, California 92138

and

Joe N. Smith, Jr.
General Atomic Company
P. 0. Box 81608
San Diego, California 92138

JRTRODUCTION
In 1970, Merrill reviewed the application of molecular beams to

studies of gas-surface interactions related to c.m;-u.(l) 8ince

that time there has been a rather impressive increase in the mmber of
experimental studies in this area. More recently, Saltsburg has reviewed
the dynamical aspects of gas-surface collisions, with some empbasis on
beam experments.(a) The latest advances in experimental technigques in
molecular beam studies of reactive scattering and heterogenecus catalysis

(¥)

have been reviewed by Smith(3) and most recently vy Madix.(*) The purpose
of this review is to present both a comprehensive survey of the experi-
mental work that has been reported subsequent to the review by Merrill
and to focus critical attention on what is felt to be the more significant
features of this work. While our first intent can be carried out rether
objectively we have chosen to focus on those aspects of the work that
relate more closely to our own research.

Within the scope of this article we will cover molecular bdeam work

in the area of chemisorption, including a discussion of the phencmenon of

#This work was partially sponsored by the Office of Naval Research,
Contract No. NOOOlk=-T2=-C-0247,

© i —




e PRI AL 4.+ o010

“"activated adsorption” and some of its implications, as well as studies of
heterogenscus chemical reactions, including simple unimclecular decomposition,
resetions with the surface itself and finally, surface catalysed bimolecular
resctions between distinct chemical species. A discussion of the experi- oo
mental details of molecular beam techniques and their advantages for studies :
of chemical interactions on surfaces has been intentiomally avoided, since i
several earlier articles have already covered these topics in some m.("“) ',

suggest that the use of molecular beams, even vhen used in conjunctiom

with modern surface analysis techniQues, has resulted in a thorough amd
generally accepted understanding of even the simplest surface chemical
processes. However, significant progress has been made in exploring the
details of chemisorption and catalytic reaction mechanisms for a mmber

of interesting chemical systems, and these advances are a hopeful indication
of further progress to come,

It would be unfair to the reader and other workers in the field to ’
i
|

II. CHEMISCRPIION KINETICS

Molecular beams have been used in a number of studies of adsorption
on metal and semiconductor surfaces.'’ %) Kohrt and Gomer used an un-
collimated effusive source to study CO adsorption on tungsten.(ll) They
found that the initial sticking coefficient of CO decreased with increasing
gas or surface temperature. The angle of incidsnce of the beam was not
varied in these experiments, however. Madey has also used uncollimated
beams to dsliver precise doses of gas to single crystal surfaces in ultre-
high vacuum, Here, neither the temperature nor the angle of incidence of the
beam was not varied in these studiea. Other studies of adsorption have
also been carried out using molecular beams, but in only a few cases have
either the angle of incidence or the temperature of the beam been varied,
This is unfortunate, since recent results indicate that these parameters
my have a significant effect on the sticking coefficient, especially on
smooth single crystal surfaces wvhers the beam species experiences a single
collision at a well defined scattering angle.
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King and Wells have exploited the advantages of molscular beams to a
8 greater degree by using well-collimated beams to study nitrogen adsorption
on polycrystalline and single crystal faces of tungsten.(]'z) Their technigue
permits accurate measurements of the sticking coefficient, 8, and the number
of adsorted atoms, N, by following the pressure increase in the target cell .
. as & function of the time of exposure to the beam., They discuss several :
advantages ~* this technique over the flash-desorption method more commonly
i used to study adsorption kinetics. In addition to allowing a simplified
experimental procedure, the use of sharply collimated molecular bsams permits
i s the adsorption study to be confined to a well-defined area of the surface,
thereby minimizing the effects of crystal edges, supports, and vacuum walls.
King and Wells varied the angle of incidence of the room temperature '2
beam on the surface but observed no angulur dependence. However, the target
» in this case was a polycrystalline tungsten foil that was presumably rather

B i A i
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rough on an atomic scale, Studies in which angular dependences of the
sticking probability hev: been observed appear to be limited to cases where
the preparation procedures have resulted in relatively amooth target surfaces,

’ usually of single crystal material.

Evidently Bughes and Levinstein were the first to use interrupted or
"moditlated” beams to study adsorption kinetics on aurnces.(n) By using
such & beam to slightly perturd the surface equilibrium coverage, a charac-
teristic relaxation time t can be determined by simply measuring the exponen-~
tial decay of the desorption flux or surface coverage with a suitable sensing
instrument. This characteristic "sojourn" or lifetime on the surface usually
varies with temperature in a manner given by

-

T = 7 exp(E /kT) ,

where E is the activation energy of the rate limiting step, e.g., the binding
energy of the adatom to the surface, and o is a rather complex function of

+ the degrees of freedom in the adsarbed state, 1) but wsually ranges from

: 10.12 to 10'1" seconds, By measuring Tt as a function of the surface temper-
ature, E. and r  can be determined. Arthur has used this technique to study

J the adsorption kinetics of various species including Gs, “2 and Al“ on GaAs

BTSN AL SR ""‘"""f.‘tn ol
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crystal surfaces.(1%1%) surprisingly, they found that the charscter-
istic temperatures of both scattered and desorbing "2 and A.l,‘ wers
well below the GaAs surface temperature, vhereas for Ga on GaAs and
”2 and M,‘ on Ga covered GaAs, the velocity distributions were charac-
teristic of the surface temperature. Although the target was rotatable
in their study, the angles of incidence and detection of the scattered
and evaporated species were not reported. These data are of interest
since it is expected that the deviations from the usual Knudsen law or
cosine desorption flux. Arthur and Brown suggest that the evaporating
M2 and Asu mst carry the kinetic energy deficit in internal modes.
However, their thermodynamic argument is not compelling in the absence
of a detailed synthesis of the equilibrium condition.

Foxon, Boudry and Joyce have employed even more advanced techniques to
study the kinetics of gas-surface mteractiona.(ao) They have also report-
ed adsorption-desorption kinetics for Ga and Ash on GaAs surfaces using
signal averaging and fourier transform analysis of modulated beam data.
This technique is, in principle, superior to phase sensitive detection in
terms of the information obtajnable from a single experiment. They did not
observed desorption of As, and As) below the substrate temperature although
their measurements were made in a regime where Arthur and Brown saw only
slight deviations. Foxon et al. also report that the sticking of Mh on
GeAs increases approximately two orders of magnitude when the surface
temperature is raised from 600 to 900 K.

Temperature and angular flux ancmalies have also been observed in
molecular beam studies of adsorption and desorption for other gas-surface
systems. Palmer et al. have used modulated molecular beams to study ad-
sorption on epitaxially grown single crystal films of nickel and silver,
By carefully measuring the reflected flux as a function of the angle of
incidence of the beam, relative sticking probabilities were obtained for
hydrogen and helium on these surfaces. These measurements showed a distinct

(21)




angular dependence of the adsorption rate for D, on Ni(11l) and to & lesser
d extent on Ag(1lll) surfaces with the adsorption probability decreasing
rapidly toward glancing incidence. Also, in this study, a beam of D2 was
reacted with normal hydrogen (protium) chemisorbed on a Ni(1ll) surface and
the angular distribution of the mixed species HD desorbing from the surface
b was measured. By modulating the beam and using a mass spectromster to detect
the HD in-phase signal by means of a lock~in type amplifier, omly the signal
resulting from the immediate reaction of the beam with surface hydrogen was
obtained, Interestingly, the desorbing HD was found to have an angular
® dependence that was fit quite well by a function of the form eotde whare
2.5 < 4 < 4,0, depending on the smoothness of the particular Ni(111) film
being studied. Moreover, by conceptually synthesizing an equilibrium
isotropic flux at the surface from a superposition of individual beams
’ and invoking the "cosine law,” the angular distribution for the desorption 1
of hydrogen from Ni(1ll) could be obtained from the hydrogen reflection
data alone. This internal consistency was not only satisfying experimentally,
but demonstrated that basic thermodynamic principles such as microscopic 7

’ reversibility and the cosine law could be used to relate the processes of
adsorption, desorption and reflection. Palmer also found that the rate of
chemisorption of hydrogen on 700 K Ni(11ll) depended on the beam temperature
with an apparent activation energy of .. 2 kcal/mole which is consistent with

hd their observed adsorption-desorption angular dependence. Krakowski and
Olander have seen a similar energy dependence in a beam study of hydrogen
dissociation on tantalum.(?2) For a fixed target temperature, they measured 4
a beam temperature dependence that indicated an activation energy of 1.4 keal/ *
" mole for dissociation.

Smith and Palmer also studied 32/1)2 exchange on epitaxially grown
Pt(111) films and obtained results similar to those on the nickel £11ms.(23)
9 Again, the sticking probability of hydrogen was found to decrease as the 1
angle of the beam relative to the surface normal was increased and also
increased with beam temperature, suggestive of an activation barrier to
adsorption of about 2 kcal/mole. Smith and Palmer recently published the p
results of a study of the catalytic oxidation of a modulated molecular beam
of D,, also on Pt(lll).(zb) These results also reveal the same temperature
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and angular dependences for the hydrogen chemisorption rates observed in
the uz/x)2 exchange study.

Steinbruchel and Schmidt have also studied the angular dependmnoces of
the sticking coefficients of various gases such as llz, Co, coz, B2 and
on W(100) and W(110) surfaces using a simple molecular beam m.( )
In general, they found that s(ei) increases slightly toward gresing incidence,
However, for i, and D, on ¥(110), ""91) decreases markedly toward gresing
incidence in qualitative agreement with the results of Falmer and Smith on

Ni(111) and Pt(11l). Unfortunately, Steintruchel and Schmidt could not
vary the temperature of the beam to determine the energy dependences for
chemisorption on W(110).

The experimental observation trat in a number of cases 8 = s('i”n’ is
particularly interesting because thice results challenge the traditiomal
view of chemiscrption. Langmir propored that chemisorption proceeds via &
physisorbed or "precursor” state that allows a great deal of mobility along
the surface. A physisorbed atam or mu.lecule slides across the surface in
this precursor state until a suitablle "site" for chemisorption is emcountered.
We can imagine that in many case: a nrarticular spatial oriemtation of the
adsorbate at specific "sites" or. th¢ surface is required in order for chemicel
bonding to occur (steric effect) and that any activation barrier to this step
mist be overcome by energy input from the surface. This model leads us to
expect that the probability for physisorption, and hence also chemisorption,
is either constant or decreases as the temperature of the gas is increased.
This is because trapping at the surface is only expected when H:D < l‘ Shere
'IB is the beam temperature sndE‘ is the potential well depth of the precursor
state,

Extensive molecular beam studies of both reactive and non-reactive
scattering from smooth metal surfaces have demonstrated that, in most cases,
the gas~surface interaction potential can be considered to be sssentially
one-dimensional in the direction of the local surface normal. In a few
cases, such as on W(112), 2627935 there is significant periocdicity in the
plane of the surface giving rise to diffraction and "reinbow soattering.”
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However, one can usually consider that only the normal component of the
velocit,; of an incaming particle is invulved in the interaction with a
metal surface. Since the effective gas temperature varies as the second
power of the particie velocity, the surface secs a beam temperature that
varies as eoszei. Froo the above considerations it is expected that when
u'a ~ E., the sticking coefficient will increase as 'IB is lowered or,
equivalently, as the angle of incidence of the beam is increased. Of course,
the experimental observation of the latter effect requires that the surface

be smooth on an atomic scale so that random variations in the surface
topography do not oiuscure the effect of changes in §. However, it is clear
that the results for hyurogen indicate that for at least some surface
conditions, a precursor state is not involved in the dissociative adsorption
step sinre, in a number of cases, 5 has been found to increase as the velocity

component normal to the surface is l.creased, either by raising the
(21,25,28)

ature of the beam or by d-:creasing the angle of incidence Gi.
Clearly then, we need *c modify our picture of the chemisorption mechanism,
at le .3t for the case of hyrogen chemisorption.

Using basic thermodynamic considerations, it has been rigorously
shown that gases which desorb with sharper-than~cosine distributions
will also exhibit similar trends as hydrogen upon adsorption. Several
papers have been written that develop the symmetry properties that
that apply at the gas-surface interface including the relationship
between adsorption ard desorption.(29’3°) One approach to understanding
this relationship is to consider the necessity of the surface maintaining
an equilibrium when the ga: in question {3 in contact with it at the same

temperature. In order to satisfy the second law of thermodynamics, the
surface mist return to the gas phase a distribution of particles that is
both random in direction (isotropic) and Maxwellian in the speed distri-
bution. Therefore, we can be sure that when a surface at the same temper-
ature preferentially adsorbs gas-phase particles with certain velocities
(speed and angle of incidence), the desorption flux will return to the
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gas-phase & distriocution of particles with just the exact angular and speed
distribution to make up for the particles adsorbed. This is a statement of
ths so-called "cosine law,” first expounded by Clausing.(3l) This result

was confirmed experimentally for the case of hydrogen on Ni(111l) in the work

2
of Pal-er et al, mentioned above.('l)

Recent studics have shown that hydrogen is not the only species
that exhibits this "anomalous"” adsorption behavior. Recently, Palmer
and Snith studied the oxidatior. of a CO beam on Pt(lll).(32) Here, the
product COZ was found to desort with a distributign even more sharply
peaked than for hydrogen and also of the form cos Br, where Gr is the
scattercd angle, and in this case d = 6. Using the cosine law relationship
at the gas-surface interface, they predict that under the same surface
corndit.ons the chemisorption of C02, presumably to give CO + O on the

surface, ill also decrease rapidly toward glancing incidence. Moreover,

if a one-dmensional view of the gas-surface interaction is correct, then
the sticking prooability wiil increase markedly witlh beam temperature, |
This further implies that CO2 desorbing from a platinum surface must also be
somewhat "hotter" than the surface temperature in order to make up for the
disproportionately greater number of higher energy-gas-phase molecules that
are removed from the gas phase at equilibrium. Although no direct measurements é
of the energy distributions of CO, desorbing from Pt(11l) have been made to

verify this particular prediction, Kenney has measured the velocity distri-

butions of hydrogen desorbing from botl. Ni(110) and polycrystalline nickel

and found that the speed distribution was indeed characterized by a Maxwellian
considerably in excess of -he surface temperature (e.g., 1589 K compared to

1073 K).(33) Bernasek and Somorjai have also recently reported cos29

desorption for CO, from stepped Pt(111) surfaces.(3u)

Cardillo and coworkers have recently published the results of a careful
study of hydrogen adsorption on the (100), (110), and stepped (100) crystal

(28) In this work they used a supersonic "nozzle" source

faces of copper.
that yields a very narrow range of velocities in the beam. They studied

the dissociative adsorption protability as a function of beam energy and
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angle of incidence, By reacting the H2 beam with adsorbed D atoms, as

in the earlier work of Palmer et al. on Ni and Pt(lll),(21’23) the desorption
distribution of the mixed species HD was measured. Isotopic "labeling" in
these studies is a convenient technique for identifying only those hydrogen
molecules that recombine and desorb fram the surface. It has been shown that
isotopic eflects in the desorption angular distribution are negligible.(ze)
This assumpiion is also supported by the equilibrium synthesis data of Palmer
in which the adsorption of 92 is compared with the desorption of HD.(ZI)

The conclusions reached by Cardillo et al. from their data on copper
surfaces were that: (i) there is a significant energy barrier to the
dissociative adsorption (chemisorption) of hydrogen and that it acts per-
pendicular to the surface normal; (ii) the barrier height or sctivation
energy for this chemisorption depends significantly on the particular
crystal face exposed; and (iii) that the presence of steps and ledges on
Cu(100) did not significantly affect either the adsorption or desorption
behavior of hydrogen,

Although the work of Cardillo et al. does not _ule out the possibility
of a parallel chemisorption path involving a precursor state, under the
conditions of their experiments, hydrogen can bypass any such physisorbed
configuration and chemisorb directly when the necessary activation energy
is supplied in the form of kinetic energy to the incident molecule. While the
results of Cardillo et al, militate against a precursor state in the chemi~-
sorption path of hydrogen on copper, they do indicate the existence of
preferred surface sites for chemisorption. Moreover, by comparing the
limiting adsorption probabilities on the two crystal faces studied, a
reasonable guess can be made as to the locations of these sites in the
surface lattice.

Stoll has used beams to study the chemisorption of oxygen on smooth
single-crystal Pt(lll).(35) He compared the steady-state oxygen surface
coverages with 20 and 33o°c oxygen beams at surface temperatures of 250
and 350°C. The equilibrium surface coverage with a hot beam was nearly
twice that for a cold beam on the 350°C surface, indicating a proportion-
ately greater sticking coefficient for the hot oxygen. These results suggest
an activation energy for oxygen chemisorption of about 1 kcal/mole. However,

9
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for a surface temperature of 250°C, Stoll reports that the steady-state
s coverages arc¢ more nearly the same for both hot and cold beams. In this
temperature regime, a clean-oft reaction with residual CO is probably the
dominant mechanism for the removal of surface oxygen and the surface oxygen
coverage should scale directly as the adsorption rate. Stoll offers no
3 explanation for the different adsorption characteristics at the two surface
temperatures. However, Merrill has also observed that hydrogen chemisorption
on Pt(111) is unactivated below 300°C(36) vhereas smith and Palmer’s results |
indicate an activation energy of about 2 kcal/mole on 650°C Pb(lll).(23)
s These results suggest. the possibility that the chemisorption transition ’
probability is rather sensitive to the surface temperaluse. This may
involve the entropy change in going to the moblle chemisorbed state. Procop
and Volter report an entropy increase of about 20 cal/mole °k for hydrogen
chemisorption on platinum, for example.(37) Stoll's results were over i

i o

' relatively narrow temperature ranges (beam and surface) and no measurements
; of adsorption rates as a function of angle of incidence were obtained so
that further work in this area would be helpful.

Recent molecular beam studies have made some important contributions

-5 to our understanding of adsorption-desorption phenomena. However, two

important questions have been raised, First, under what conditions does

¥ 1o one expect to find activated chemisorption of gases such as hydrogen and

{ oxygen on metal surfaces, e.g., does it apply only to dissociative ad-

sorption or can we expect similar results for other species on a wide

range of surfaces? Second, what factor or factors are responsible for

; ¢ the widely varying results that are still being reported for the sticking
probabilities of gases by various workers using nominally identical,

clean, single crystal surfaces? Recently reported values for the sticking

coefficient of oxygen on Pt(11l), for example, range from S = 10-6 to
s = 0.2.(38,39)

Regarding this second question, a detailed examination of the various
;_ { ' possible factors involved in each case would not be appropriate here,
‘ However, a few general remarks regarding the essential ingredients of a

+ nareamrasioe v manih M s s« 1 62
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reproducible gas-surface interaction study can be made. First, it is
extremely important to specify both the angle of incidence and temperature
(energy) of the gas being studied. Further characterization of the beam

as to energy (e.g., monoenergetic) and various internally excited states
can also be considered. The surface, of course, must be well-characterized.
This means, in practice, clean, smooth, single crystal surfaces, Many of
the recent studies of gas-surface interactions have gpecified the surface
cleanliness, via AES (Auger electron spectroscopy) for instance, and the
crystal structure by LEED (low energy electron diffraction). However, in
general, one expects that rough surfaces provide a large number of unspecified
sites that may significantly affect the sticking probability or change the
effective area of the surface through multiple collisions, and considerable
care must be taken to avoid this condition. Presently, the most sensitive
technique for characterizing the smoothness of clean surfaces on an atomic
scale 1s by the scattering of noble gas atoms, especially helium. The
smoothness of similar crystal surfaces used in various laboratories are
more readily evaluated when the scattering distributions, or at least the
peak height and FWHM data for a well collimated room temperature helium
beam are available for comparison. Without further refinement, however,
this technique is not suitable for comparisons of surfaces with less than
one percent of the total area "rough" on an atomic scale, and this still
represents a very large defect density on the surface,

Perhaps the most difficult problem in surface characterization is
achieving a clean or contaminant free surface, Diffusion from the bulk
and adsorption from the gas phase of various unwanted species is a constant
problem, even in ultra~high vacuum. Surface chemical analysis techniques
such as AES, INS (ion neutralization spectroscopy), SIMS (secondary ion
mass spectrometry), UPS (ultraviolet photoelectron spectroscopy), and
XPS (X-ray photoelectron spectroscopy) or ESCA (electron spectroscopy
for chemical analysis), used separately or in conjunction, are some of
the ways that the chemical composition and even the oxidation states at
the surface can be determined.

-
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In studies on clean surfaces, possible "clean~off" reactions involving
ambient species such as CO, }12 and O2 should be considered. For example,
Joebst)l has studied the effects of small amounts of CO on the adsorption
of 0, on Pt(111) in ultra~high vacuum.(ho) Oxygen can be removed from
platinum by reaction with adsorbed CO to form 002. Since the sticking
probability for CO is greater than for O2 on platinum, especially on the
low index faces [e.g., s(co)/s(og) ~ 10° on Pt(lll)],(32 relatively small
amounts of CO can be very important. It appears likely from Joebstl's
work that many studies of 02 adsorption on platinum have probably been
gseriously affected by small amounts of CO produced by hot carbon covered
surfaces such as ion gauge filaments, etc,

Finally, we can expect that, in general, the sticking coefficient will
also depend on the surface temperature so that the temperature of the surface
under study should be varied over a reasonably wide range in order to determine
this dependence explicitly. A surface temperature dependence may arise for
a variety of reasons including the likely entropy difference between the
gaseous and adsorbed states involved in the adsorption. Statistical-
mechanical or “transition-state” theories predict, in general, that the
transition probability k will be of the form

k = PT" exp(% - ﬁ%) (P, r, Q independent of T)

with small positive or negative values assigned to r, depending on the
details of the theory.(hl)

With regard to the question of activated chemisorption, we have already
pointed out that desorption studies indicate that the dissociative adsorption
of CO, 1s also highly activated on Pt(111). In fact, from the analysis of
Cardillo et al.28) and the shape of the desorption distritution, we expect
B, ~6 kcal/mole for CO, on 475 to 875 K platinum. Also, Stoll's work
indicates that oxygen adsorption on Pt(111l) is slightly activated above
250°¢. (3%)

In addition to the activation of chemisorption via kinetic energy, recent
studies suggest that vibrational excitation is also a mode of activation for
certain chemical reuctions.(he’ 43) For example, Steward and Enrlich report

that vibrational excitation facilitates the chemisorption of methane on a

12
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rhodium substre.te.(b'z) They also point out that the usual transition-state
theory of chemical rates fails to account for the large kinetic isotope effects
they observed in the chemisorption of normal versus deuterated methane. These
results suggest that detailed studies of the energetics of chemisorption
processes are likely to have a profound impect on our understanding of chemical
rates in general,

III, HETEROGENEOUS REACTION STUDIES
A. Unimolecular Reactions

There have been several recent studies of unimolecular reactions
on surfaces using molecular beams. Dahlberg, Fisk and Rye have studied
the much investigated decomposition of formic acid on polycrystalline
platinum soil.(m*) A beam of formic acid was directed onto a
fixed platinum target and the scattered formic acid and decomposition
products detected by line-of-sight mass spectrometry. The detected
products of the decomposition were CO, 002 and Hye H0 could not be
detected because of the noise contributed by a large ambient background
level of this species. The 002 and Hz rates of production were equal, as
expected from the one-step decomposition of HCOOH. CO was produced at
about one-tenth the CO, rate at 900 K and the C0/C0, ratio incressed with
temperature., These results were complicated by a surface contaminant
that could be removed by heating the platimm above 1150 X. Surface
contamination is not surprising considering their base vacuum of omnly
3x 10'7, torr. Although the contaminant was not identified, the temperature
dependence suggests oxygen or & clean-off reaction involving oxygen. Neither
the contamination rate below 1150 K nor the clean-off rate above this temper-
ature wvas affected by exposure to HCOOH and, therefore, HCOOH was ruled ocut both
as the source of the contaminant, and the source of oxygen in a clean-off
reaction. They also observed that the rate of decrease in the decomposition
rate from the presumably clean surface conditions to the steady-state con-
taminated surface increased rapidly as the surface was cooled, while the
initial activity also increased with decreasing temperature, at least down
to 600 X,
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Fenn and his coworkers at Yale have utilized a nozzle beam source
in a novel closed~loop catalytic reactor system in which the beam is
scattered from a catalytic target and then recycled through the nozzle
source, using a mercury diffusion amd mechanical bellows pumps in
seriea.(w") The technique allows the reaction rate to be enhanced by the
number of passes of the reactant gas through the system, but requires
that reactions on the various system surfaces and in the gas phase not be
overwvhelming compared with the rates on the target. Using this method,
Fenn has studied the isomerization of cyclopropane to propylene on a
molybdenum oxide surface., Surprisingly, the reaction rate was independent
of the molybdenum oxide temperature (from 400 to 700°C) but varied strongly
with the beam energy with an activation energy of about 20 kcal/mole.
Penn suggests that the cyclopropane must be vibrationally excited in order
for isomerization to occur. This work demonstrates the importance of
catalytic studies where the internal and kinetic energies of the reacting
species are controlled. Also, since nozzle sources are capable of generat-
ing suostantial mass fluxes, it is not unreasonable to consider the use of
such a system for chemical processing in commercial quantities in order
to increase the efficiency and/or selectivity of a reaction. An important
new field of "non~equilibrium catalysis" is suggested by this work and
further investigations of the type undertaken by Fenn and others using
nozzle beams should be actively pursued.

The decomposition of uao has been studied by West and Samorjai on
clean and carbon-covered Pt(100)(%?) and by Mischlits and coworkers on
polycrystalline tungsten surfaces. 46 While Muschlitz's results indicated
that adsorption of the l!20 molecule was required for dissociation, Somorjai's
results on carbon-covered Pt(100) suggest that dissociation can occur
without full accommodation with the surface as is indicated by the directed
nature of the NO signal. Diffuse emission of NO fram & carbon free Pt(110)
surface was observed by Somorjai, however. Muschlitz's work suffers from
& lack of adequate surface characterization and although the scattering of
l2 and NO was somevhat directed, surface roughness was probably a significant
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factor. This roughness coupled with the scatter in the data and the
limited range of angles measured makes their conclusion regarding diffuse
scattering and full accommodation of the l20 beam and its products suspect.
Somorjai's results are alsoc somewhat speculative. A problem inherent in
both of these studies is the ambiguity of the mass-spectrometer signals
for both m/e = 28 (N, or 00), mfe = 4y (N50 or CO,) and the problem of
dissociative ionization of the scattered N,0 to produce both I and Wo'.
For this reason, any conclusions regarding these investigations should
probably be considered tentative,

Schutte, Scoles and Tommasini have reported an investigstion of the
recambination of atamic hydrogen on condensed surfaces of 520, Fe and Ar
in the range 2-15 K.(W) Apparently, most of the energy of recombimation
(4.5 eV) is carried away by the desorbing H, molecule, but & monolayer
coverage of H2 increases the energy transfer by an order of magnituda.
Melin and Madix have also studied the energy transfer to the surface from
hydrogen atom recombination on polycrystalline Ni, Cu, Pt and Ag wires
in a flowing rf discharge and found the energy transferred to ﬂu ﬁrlt
three materials to be markedly less than on Ag.(w) b}eeuhr beam studies
support these results inasmuch as the angular desorption distributions
measured in molecular beam studies of hydrogen atom recombinmation on single
crystal surfaces of Ni, Cu, and Pt indicate that the desorbing hyirogen
molecules are indeed "hotter" than the surface temperature, and a study
of the angular sticking dependence of D, on Ag(111) h(:g:llgai;u a similar
trend although less pronounced than on Ni, Cu, or Pt. /)bn nearly
diffuse and isothermel desorption of hydrogen and & -zchlﬁnuor activation
barrier would thus be expected on Ag, in qualitative agveement with Madix's
results, !

‘
!

B. Reactions wit es £

Molecular beams have been used more frequently in studies of hetero-
geneous reactions where the beam species reacts directly with the surface.
Olander and coworkers have used modulated beams of molecular cxygen to
study the oxidation of graphite on both the basal and prism pm.(”'”)
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The kinetics of this reaction evidently involves a competition between the

generation of active sites for the initial oxidation step through the

removal of carbon atoms from the surface, and deactivation cof ithe surface

by amnealing. Recently Shih, Liu and Baron have also studied the oxidation

of graphite by molecular and atomic oxygen l>e-s.(5]"53 ) Olander's results

were for fixed angles of incidence and reflection (9, = @, = 45°), whereas

! Shih et al. varied both angles in their work. They measured diffuse

d (cosine) scattering of molecular oxygen from their target indicating a

rether rough surface and/or fairly complete accommodation of the cxygen.

However, the CO desorption flux was proportiomal to eo|20 80 that their

surface was not so rough as to totally obscure angular effects in the

scattering. These beam studies of graphite oxidation indicate the follow-

ing additional points: (i) the principal reaction product is CO whereas i
002 is produced at a rate at least two orders of magnitude less than the
CO rate; (11i) there is little or no beam temperature dependence of the
reaction rate and the graphite surface temperature effects primarily the
oxidation by 0,; (111) the reaction with O atoms is about one order of
magnitude more probable than for 0,; and (iv) the reaction rates for both
Omdozbe-uaxhibitmximstamrﬁcetenpeutm of about 1300 X
indicating & competition between surface atom mobility and the amnealing
rate of active surface sites. §
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Madix and coworkers have also studied the reactions of silicon and
germnium surfaces with modulated beams of O, O, and c12.(5"'59) As in
the work of Olander,(37975%) \aix utilizes the information contained in

] the phase relationship of the product signal to derive the kinetics of
: the reaction. He refers to this technique as "molecular beam relaxation
spectroscopy” (MBRS). A detailed discussion of the analysis of modulated
signals in studies of reaction kinetics has been given by Ollndor(s)« and

- Ry more recently by Schwmarz and lhdtx.(6)

& Lintz, Pentenero and their coworkers in France have used besms of 1
noble gases in a different approach to studies of chemical reactions with 1

surfaces. They have utilized noble atom surface scattering to study the i
N ]




kinetics of the oxidation of various metal I\B‘MQI.(M) Their msthod
relies on the markedly different scattering properties of a clsan and
adsorbate covered surface., If the surface is clean and relatively smooth,
sharply directed scattering near the specular angle will result, vhereas

the scattering from various adsorbates on the surface will generally be
diffuse. Thus, by monitoring the directed scattering intensity, the

surface coverage can be followed during the course of the reaction. Using
this technique, Lintz, Pentenero et al. have determined important binding
states and heats of desorption involved in the kinetics of surface oxidation
by measuring surface coverages as & function of metal temperature and gas
pressure, The technique suffers from the problem that, in many cases, the
morphology of the surface may change during the course of the reaction

and thereby alter the specularity of the clean surface. This techniquas

has also been used by Palmer and Smith to study the kinetics of CO axdiatiomn
a smooth platimum catalyst that was not consumed in the reacti.on.(32 )

C. Bimolecular Reactions

Surface catalyzed bimolecular reactions are perhaps the most experi-
mentally difficult type of surface chemical process to0 study using molecular
beams. This fuct may be partially responsible for the relative lack of
activity in this area, However, a few bimolecular reactions have now been
reported and this work will undoubtedly stimulate further heterogenecus
reaction studies using beams in the near future,

The first reported study of a surface catalyzed bimplecular reaction
using beams was by Smith and Palmer.(2%) They studied the oxidation of
deuterium on epitaxially grown Pt(1ll) films. In this work the platimm
target vas-exposed to an embient of 0, (10 to 107 torr). A moMulated
(100 Hz) beam of deuterium was directed at the axygen covered target and
the scattered beam and reaction product (n.‘,o) was detected using & mass
spectrometer and phase sensitive (lock-in) amplifier. At elevated temper-
atures the target was presumably kept clean of typical vacuum species such
as carbon monoxide, hydrogen, hydrocarbons, and surface carbon by clean-off
reactions with the oxygen ambient. In support of this oconclusion, it was
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found that intense specular helium reflection from the surface could be
maintained in the presence of a small (~ 1077 torr) oxygen ambient where
evidently the rate of contamination was just compensated for by the rate
of clean-off via oxidation. The activated adsorption of the D2 beam

on this "clean" Pt(11l) surface was investigated and has already been
discussed. Generally, & heated D2 beam was used in the reaction with
surface oxygen in order to obtain the maximum adsorption rate and thereby
increase the product signal.,

The reaction was found to be nearly first order in 02 pressure vhereas
the D, beam flux dependence exhibited three regimes, p (Da), p(Da), and
pz(Dz). The second order dependence suggested-an improbable mechanism
involving four hydrogen atoms. However, the reaction mechanism probably
involves only two surface hydrogen atoms and a surface oxygen atom and
the second order dependence may be an artifact of the beam method as will
be discussed below.

The phase lag of the D0 product signal as a function of temperature
indicates an activation energy of about 12 kcal/mole for the rate limiting
step. However, the interpretation of these data depends on the order of
the reaction as has been pointed out by Madix, (6) and a somewhat lower
value for the activation energy of the reaction is probable. Hydrogen
atom diffusion may bec rate limiting if an activation energy less than
10 kecal/mole is assumed. The angular distribution of the desorbing D,0
was approximately cosine, so the adsorrtion of water on Pt(111) at 925 K 1is
apparently not activated.

Smith, Palmer and Vroom also attempted to study the catalytic oxidation
of C,H, on Ag(111) epitaxial films by molecular bem.(65) However, no
oxidation products could be detected with a C,H) beam impinging on &
Ag(1l1l) target exposed to oxygen. With an isotropic pressure of both

gases at higher pressures, the reaction product 002 could just be discerned,
however. Dissociation of the C,H) beam over Ag(111) at 575 K to form

can (10%) and CH, (5%) was also inferred from a comparison of the

relative intensities of these ion pesks in the direct versus the scattered
beam.
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Palmer and Smith have also reported a molecular beam study of the

oxidation of CO, again on Pt(lll).(32) As was mentioned earlier, they

found that the angular desorption distribution of the 002 product in the
surface temperature range from 475 to 875 K was characterized by cos60,
indicating that CO, adsorption at these temperatures is activated on Pt(111).
Weinberg and Merrill have also predicted a large activation energy for 002
adsorption on platimum using their CFSO-BEBO model of ad.sorption.(66) The
oxidation reaction appears to proceed mainly via a ILangmuir mechanism with
CO diffusing rapidly across the surface above 450 K. Chemisorbed CO
apparently blocks the chemisorption of oxygen in the central region of

the beam spot and thus poisons the reaction in the temperature-pressure
regime where the surface coverage of CO is high. The high surface mobility
of CO coupled with this poisoning effect combines to produce an interesting
boundary effect at the perimeter of the beam spot on the surface. The

high surface mobility of CO results in a rapid reaction rate at the p;ri.meter
of the beam spot on the platinum surface, giving an anomalous rise in the
rexcilon rate at high beam fluxes., It is possible that & sgimilar contri-
bution resulting from deuterium diffusion is also responsible for the
appearance of a second order D2 pressure dependence at high beam fluxes

in the earlier study of D2 oxidation. Gomer has also suggested that
molecular hydrogen diffuses very rapidly across hydrogen covered areas

of platimm, followed by dissociative adsorption on the clean surface.'®7)

In the CO oxidation study, Palmer and Smith fit their observed data
using the Langmuir kinetic equations, but this required that the principal
mechanism for removal of surface oxygen be by direct desorption as atams.
This latter assumption is not likely at the temperature of their work.
However, other evidence strongly indicates that a Langmuir rather than a
Rideal mechanism is operating, On the other hand, their data can also
be fit quite nicely using the Rideal kinetic equations and does not require
the assumption of direct desorption of oxygen atoms. However, this does not
mean that both the chemisorption and migration of CO are not involved in
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the reaction path., Rather, the tacit assumption in the Langmir formls
18 that the probability of reaction does not depend on the point of impact } #
of the reactant gas on the surface but only on its average coverage 0.
At equilibrium, the kinetic balance of the reaction in this case has the

familiar form e : |
P(1-9,-85) = k9%
(adsorption rate) = (reaction rate) ,

v A

where "N is the impact rate and OA is the surface coverage of reactant A,
and ‘B the coverage of reactant B. Alternatively, a Rideal formulation

is based on the idea that a gas phase reactant must impact directly om, or
adjacent to a second chemisorbed reactant, e.g., within the covered area

OA. Then we have

Pa(1-8y-65) = k gy,

where [ is the impact rate of species B that presumably reacts by direct
impact, or near miss, on reactant A, However, it seems likely in cases
where a competing channel for species B exists (e.g., via desorption) that
the probability of reaction falls off rapidly as the point of impact of B
increases in distance away from reactant A, This can be true even though
both the chemisorption and migration of species B is involved in the reaction
path, as is assumed in the Langmuir model. For this case we can write the
kinetic equation as

A-08) - X a9

where OA’ now represents some effective area surrounding each chemisorbed
molecule A. Such a "quasi-Rideal" mechanism may be important in the oxidation
of CO on Pt, for example. Unfortunately, this possibility leads to some
confusion since we can no longer distinguish the mechanism solely on the

bagis of the kinetics of the reaction. It appears important, therefore, to
clearly distinguish between reactions that obey Rideal kinetics and reactiomns
where it 8 believed from more detailed evidence that a true Ridsal mechanism

is operating.
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Recently, Palmer has completed a similar study of the catalytic
oxidation of the C, hydrocarbons, also on Pt(m).(“) Here, the results
are somewhat more involved, including the fact that three reaction products
are observed, CO, 002 and HZO. The reactions proceed via a surface acetylenic
species that results from the adsorption of the 02 hydrocarbons at elevated
temperatures on platimum, The chemisorption of 0236 is somewhat activatad
with a sticking coefficient of less than 0.05 vhereas the chemisorption of
Czﬂh and (:2}!2 are not., The sticking coefficient for 0232 is near unity on
Pt(111) while for CoHy,, S ~ 0.5.

The angular desorption distributions of the reaction products of CO
and CO, were measured and neither were simple cosine, In the case of 002,
the distribution appears to be composed of a higher order cosine (eossﬁ)
superimposed on a broeader-than-cosine desorption pattern. Fram the two-
component nature of the desorption of CO, (and possibly C0) it appears that
there are two distinct channels for the formation of this species. Since
: in a previous study, the formation of 002 from CO adsorbed on the surface
; resulted in only simple higher order cosine desorption, it iz tempting to
: ascribe the difference in the present case to a local perturbation of the
‘ interaction potential or a distinct binding site induced by the presence
of another chemisorbed species such as carbon on the surface. This is the
first reported observation of broader-than~cosine desorption and indicates
that the molecular species can desorbd directly from a potential below that
H of the gas, i.e.,, with a negative activation energy. PFrom this model we
also expect the "temperature” of the desorbing molecules to be less than
“ the surface temperature, in analogy with the effects of a positive acti-
: vation energy.

Measurements of the rates of evolution of CO, 002 and nzo from the
oxidation of the C, hydrocarbons as a function of the platimm surface
i} 3 temperature indicate a common rate-1limiting step for all three species
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with an activation energy of 16 kcal/mole. The energy of this barrier

is about the right value for the surface diffusion of atomic oxygen.

Thus, the oxidation reaction apparently proceeds via a Langmiir mechanism
with oxygen migration rate limiting at high oxygen pressures and low to
intermediate temperatures. By using a mixture of normal and deuterated
acetylene in the beam it was determined that the reaction to form water
occurs in two steps, presumably via an OH intermediate. Also, the reaction
kinetics indicate that the formation of 002 also occurs in two steps by

the further oxidation of surface CO.

Bernasek and Somorjai have recently used molecular beams to study
BZ/DZ exchange on platinum single crystal surfaces.(sg) They studied
this reaction on a nominally step~free Pt(1ll) surface and on Pt(997)
and Pt(553) surfaces consisting of steps separated by (111) oriented
terraces nine and five atoms wide, respectively. Earlier work by Somorjai
and coworkers have demonstrated the importance of steps in the catalytic
behavior of platinum surfaces.("o'n) In the present investigation the
stepped surfaces were considerably more active than the nominal Pt(111)
surface at pressures below 1.0-6 torr. Their data suggest, however, that
at higher hydrogen pressures the Pt(111) surface becomes relatively more
active and that the differences also depend on the beam modulation frequency.
In this regard, they compare their work to that of Ia and Rye, using the
flash descrption method, iz which no dependence on step density was observed.(73)
Apparently, the surface diffusion of hydrogen to active sites occurs rather
slowly compared with the beam modulation period, even at LO Hz.

Both amplitude and phase data as functions of the modulation frequency
were obtained in this beam study and evaluated to determine the rate
parameters of the reaction. Below about 600 K Bernasek and Somorjai
report that the rate of HD formation is descrit-<a by a pre-exponential of
841 x 10° sec’! and an activation energy of 4.5+0.5 kecal/mole with & sharp
transition at higher temperatures to a pre-exponential of 142 x 10° gec™t
and an activation energy of 0.640.3 kcal/mole. These activation energies

are a good fit to the slopes in an Arrhenius plot of the amplitude data in
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these respective regions. However, Bernasek and Somorjai's pre-exponential
constants specify & transition temperature in the region of 260 K, in dis-

agreement with their data, so there appears to be some error in the cal-
culation of these parameters in this work.,

The HD exchange data were obtained by introducing D2 via a high pressure
miltichannel beam source and the H, isotropically above the surface. H,/D,
mixed beams and & hydrogen beam with a deuterium ambient was also investi-
gated. Bernasek and Somorjai report that their results were independent of
the method of reactant introduction. However, this statement is not borne
out by a comparison of the HD exchange rate as a function of the beam and
ambient pressures where significant differences are apparent. Nevertheless,
on the basis of these results, together with the temperature dependence data,
Bernasek and Somorjai suggest a two branch mechanism, with a Langmir-
Hinshelwood process dominant below 600 K and & Rideal-Eley mechanism
dominant at higher temperatures. However, it appears possible that a more simpli-
fied explanation would also be consistent with most of their published results.
Assuming that the reaction is indeed independent of the method of intro-
duction of the reactants and that random mixing of the dissociatively ad-
sorbed hydrogen occurs on the surface, .her the probability of formation of

HD on the surface will be proportional to g + DD with the probability
2 2

for formation of I-I2 and D2 given by r}%ﬂ and ﬁﬁ—m s respectively.
A plot of the probability cf HD formation versus either of the reactant
concentrations ([H] or [D]) gives a good fit to both the beam and ambient
pressure dependences reported by Bernasek and Somorjai, provided the
equivalent beam flux at the surface is reduced by about half an order of
magnitude, relative to the H2 background. Bernasek and Somorjai did not
measure the beam flux directly, but rely on a previous atudy of the
characteristics of a similar source, This uncertainty may be coupled
with possible sources of error in the measurement of the !'I,a ambient to
give the total relative error suggested by the random mixing model. In
lieu of such an error in the beam flux relative to the ambient hydrogen

pressure, the differences in the pressure behavior of the beam and the 1




ambient mast be attributed to an artifact resulting from chopping of the ;
deuterium beam, resulting in a very aifferent interpretation of the kinetiec

data.

Bernasek and Somorjai have also obtained reaction probabilities for
beams of 0,, N, and CO reacting in various combinations with ﬂz, 02 and
CO over stepped platimm surncea.('m) Also investigated were the de-
composition of HCOOH and (21-13-n}i2 to yleld 002 and “3’ respectively.
These results demonstrate that there are a number of catalytic reactions
which are amenable to study by molecular beam methods.

Iv. CORCLUSIGN

Perhaps the single most important recent development in the field of
surface chemistry and catalysis has been the increasingly mltidisciplinary
approach to the understanding of these phenomena. This trend has beenm
promoted by the development of a number of new experimsntal techniques
for examining, in detail, the physical and chemical properties of the
surface., Electron and ion scattering, various electron and photon spectros-
copies and numerous other experimental techniques including the use of
molecular beams are being used increasingly in studies of chamical inter-
actions on surfaces. The widely varying backgrounds and viewpoints rep~
resented by these specialized disciplines require a high degree of
cooperation among these investigators in order to more readily codify the
various experimental results that are being reported and to permit & more
complete understanding of the underlying principles.

Molecular beams have played an important role in studies of reactive
interactions in the gas phase and their application to studies of chamical
interactions on surfaces will undoubtedly be of similar importance. The
objective of these studies is to permit a detailed description of the
action of the surface in catalyzing various chemical reactioms. It is
often stated that the action of a catalyst is to reduce the activetion
energy barrier to the reaction. Hawever, of considerable importance are
geometrical or steric considerations and the entropies of the various




states involved in the reaction path. The importance of these additiomal
factors has been clearly demonstrated by numerous cases vhere electronically
similar surfaces exhibit dramatically different catalytic properties.

Historically, conflicting experimental results have been typical in
studies of catalysis and much of the blame for these discrepancies has
been laid to the uncertain physical and chemical nature of the oatalytic
surfaces that were studied. However, a number of researchers are now
using modern experimental techniques to achieve what are believed to be
well-characterized, reproducible surfuces. It is, therefors, appropriate
that when results on nominally identical single cryatal surfaces appear
to be in conflict, a careful examination be made for other less obvious
factors that may be important. For example, the chemisorption of hydrogen
and oxygen has been reported to be unactivated at low surface temperatures
on clean platinum surfaces. (36, 73, 76) However, beam studies at higher
surface temperatures have indicated an activation barrier to tht chemi-
sorption of these species. (23,24,35) One study has indicated tht surface

contamination is responsible for the activated adsorptiom of hydrogen
on n:lckel.(") However, there is also considerable evidence to the
contrary. (21233)  Alternatively, we have pointed cut that the surfece
temperature is apparently an important parameter in the chemisorption
of hydrogen and oxygen on platimum and methane on tungsten. The surface
temperature is probably a factor in other gas-surface adsorption systems
as well, especially in dissociative adsorption involving an increased
entropy of the chemisorbed state., Undoubtedly, the further investigation
of this and other questions related to catalysis will provide molecular
beam researchers with important areas of study for some time to come,

25




T

1.
2.
3.

5.

6.
7.
8.

15,
16,

17.

19.

R. P. Merrill, Catal. Rev. 4 (1970) 115.
Howard Saltsburg, Annu. Rev. Phys. Chem. 2Ui (1973) b93.

Joe N. Smith, Jr., to be published in m&w
Ew!ic nﬂ'mh' Vol, 2 (Amic m.’ 'o!o, » R. B.
Anderson and P, T. m, ed,

Robert J. Madix, to appear in Physical “hewigtry of Fast Resctions,

Vol. 2, D. O, Hayward, ed., Plenum Press.

R. H, Jones, D. R. Olander, W, J. Siekhaus and J. A. Sclwmars,
J. Vac, Sci. Technol. 9 (1972) 1429,

J. A, Schwarz and R. J. Madix, Surface Sci. 46 (197h) 317.
T. J. Lee and R. E. Stickney, Surface Sci. 32 (1972) 100,

Theodore E, Madey, Surface Sci. 36 (1973) 281; Surfuce Sei. 33
(1972) 355.

A. M., Horgan and I. Dalins, Surface Sci. 4] (1974) 62k.
R. C. Schoonmaker and L. C. Tu, J. Chem. Phys. §Q (197h) k650.

Carl Kohrt and Robert Gomer, Surface Sci. 40 (1973) 71; Surface
Sci. 24 (1971) T7.

David A. King and Michael G. Wells, Surface Sci. 29 (1972) uSh.
F. L. Hughes and H. Levinstein, Phys. Rev. 113 (19%9) 1009,
S. Kruyer, Koninkl, Ned. Akad. Wetenschap Proc. B58 (1955); see also

Je 52) deBoer in Advances in Catalysis, Vol. B (Academic Press, K.Y.,
1956).

J. R. Artur, Jr., J.A.P. 39 (1968) Lo32,

J. R. Arthur and A, Y. Cho, Surface Sci. 36 (1973) 6l1.

J. R. Artur, Surface Sci. 38 (1973) 39%.

J. R, Artlur, Surface Sci. 43 (1974) W9,

Je Re Arthur and T, R. Brown, J. Vac. Sci. Technol. }2 (1973) 200.




¥

s

. ~ .
B N L e . — g

20.

2l.

23.
2L,

25.

27.
28.

33.

3k,
35.

C. T. Foxon, M. R. Boudry and B. A. Joyce, Surface Sci. bk (1974)

R. L. Falmer, Joe N, uth’ Jre., Howard Saltsburg and D. R. O'M,
J. Chem, Phys. 53 (1970) 1666.

R. A. Krakowski and D. R. Olander, J. Chem. Puys. 49 (1968) 5027.
Joe N, Smith, Jr. and Robert L. Palmer, unpublished.

Joe N. Smith, Jr. and Robert L. Falmer, J. Chem. FPrys. 36 (1972)
13.

Ch, Steinbruchel and L. D, Sclmidt, J. Vac, Sei. Techmol. }2 (1975)
204; Phys. Rev. Lett. 32 (1974) 59l

W. H, Weinberg and R. P. Merrill, J. Chem, Phys. 56 (1972) 2893.
Ralph E. White, M.S. Thesis, Univ. of Calif,, Berkelsy, 1973.

l. m’ “0 J. m’ D. R. nllc “ n. '. m’
Surface Sci. b6 (1974) 358.

E. P. m, Je« Chem, m'c 2 (1971) 3“0
Ivan Kuscer, Surface Sci. 25 (1971) 225.
P. Clausing, Ann. Puysik 4 (1930) 533.

R:bertl.. Falmer and Joe N. Smith, Jr., J. Chem. Muys. §0 (1974)
1453,

T. E. Kenney, 8. M. Thesis, Mechanical Engineering Departmant,
MIT (1970).

8. L. Bernasek and G. A, Somorjai, to be published in Surface Sci.

A. George Stoll, Jr., Ph.D. Thesis, Departmsnt of Chemical
mmm, U.C.B.

Re P. Merrill, private commnication.
M. Procop and J, Volter, Surface Sei. 47 (1975) 51k,
J. Volter, M. Procop and H. Berndt, Surfuce Seci. 39 (1973) 453.

W. H. Weinberg, R. M. Lambert, C. M. Comrie and J. W. Linmett,
Surface Sci. 30 (1972) 299.

Johann A. Joebstl, J. Vac. Sci. Techmol. 12 (1975) 7.

27

i > ke A e s




L3,

M.
L5,

b6,

7.

Powler and Quggenheim, Statistical Thermodynamics (Cambridge Press,
London, 1956), p. 50k.

. N. Stewart and G. Ehrlich, Coordinated Science Laboratory Report
26’ Tinivereity of Illinois, 1975.

G. Prada-Silva, G. Haller, and J. Penn, presented at the National
Meeting of the American Chemical Society, Los Angeles, 19Th.

S. C. Dahlberg, G. A. Fisk, and R. R. Rye, J. Catal. 36 (1975) 22k.
L. A. West and G. A. MJIJ., J. Vac. Sci. Technol. 2 (w, 1.

R. X. Coltharp, J. T. Scott and E. E. mchlitl, Jrey Jo Chem.
Pys. 51 (1969) 5180.

A. Schutte, G. Scoles and ¥. Tonmasini, presented at the 8&h Int.
Symp. on Rarefied Gas Dynamics, Stanford University, 1972.

Gerald A, Melin and R. J. Madix, Transactions of the Faraday
Society 67 (1971) 2711,

D. R, Olander, W, Siekhaus, R. H. Jones and J. A. Sclwrarsz, J.
Chemnm. mc 57 (lgﬁ) W.

D. R, Olander, R, H. Jones, J. A. Schwarz and W. J. Siekhaus,
J. Chem., Phys. 57 (1972) k21.

‘(Ic C. )c. Shih, M.I.T. Dept. of Aero. and Astro., Fa.D. Thesis
1973).

G. N.-K. Liu, M.I.T, Aerophysics lab. Tech. Report 186 (1973).
G. N.-K. Liu and J. R. Baron, to be published.

R. J. Madix and M. Boudart, J. Catal. 7 (1967) 2ko. 0
R. J. Madix and A. A. Susu, Surface Sci. 20 (1970) 377.

R. J. Madix, R. Parks, A. A. Susu and J. A. Schwarz, Surface
Sci. 24 (1971) 288,

R. J. Madix and J. A. Schwarz, Surface Sci. 2l (1971) 26k,
R. J. Madix and A. A. Susu, J. Vac, Sei. Technol. 2 (M) 915.
R. J. Madix and A, A. Susu, J. Catal. 28 (1973) 316.

Hans-Gunther Lintz, Andre Pentenero and Pierre LeGoff, J. de Chimie
Physique 67 (1970) u487.

Hans-Ounther Lintz, Andre Pentenero and Pierre lLeGoff, Entropie
k2 (1971) 16,

28




62.

63.
6k,

65.

70,

Ti.

T2,

T4,
75'
76.

D. F. Ollis, H.-G. Lintz’ A, Pentenero and A. m‘utto’ Surface
Sei. 26 (1971) 21.

Hans-Gunther Lintz and Andre Pentenero, Surface Sci. 30 (1972) 499.

Nicola Pacia, Hans-Gunther Lintz and Andre Pentenero, Surface Sci.
36 (1973) T01.

Joe N. Smith, Jr., R. L. Palmer and D. A, Vroom, J. Vac, 8ci. Technol.
10 (1973) 373,

W. H, Weinberg and R. P. Merrill, Surface Sci. 39 (1973) 206.
R. Lewis and R. Gomer, Surface Sci. 17 (1969) 333.
Robert L. Palmer, to be published.

S. L. Bernasek and G. A. Somorjai, to be published in J. Chem.
Phys.

ﬁﬂo Lang, R. W. Joyner and G. A. Somorjai, Surface Sci. 30 (1972)

8. L. Bernasek, W. J. Siekhaus and G. A. Somorjai, Phys. Rev. Lett.
30 (1973) 12ce.

Kenneth B&ron, D. W, Blakely and G. A. Somrja.i, Surface Bei. _"_l'_l.
(1974) b5,

K. E. Lu and R. R. Rye, Surface Sci. (to be published).
S. L. Bernasek and G. A, Somorjai, to be published in Surface Sci.
H. P. Bonzel and R. Ku, Surface Sci. 40 (1973) 85.

P. R, Norton and P. J. Richards, Surface Sci. 41 (1974) 293.

T. L. Bradley and R. E. Stickney, Surface Sci. 38 (1973) 313.




O

Office of Naval Research
Arlisgton, Virgimia 22217
Attas Oode 472

Qmmm

536 8. Clark

Chicago, T m
Abta: Dr.

MR Branch Office

207 West 2iith Street

Now York, New York 10011
Attas Scimmtific Dept.

OR Brench Office

1030 Bast Greem Strest
Pesadens, California 91106
Atta: Dr. R. J. Marcus

ONR Branch Offioce

760 Nariet Street, Rm, W7

Sen Francisco, Californis 94102
Atta: Dr, P. A. Miller

IR Bramech Offioe

k95 Sumer Street

Boston, Massachusetts 02210
Atta: Dr. L. H. Pesbles

T™he Asst. Secretary of the Navy (MD)

Department of the Navy
Room LE736, Pentagon
Weshington, D. C. 20350

Naval Surface Wespouns Cemter
White Oak

aﬁmm Maryland 20910
Atms

l

/

£SOINICAL BRFORT DISTRIJUTTON LINP
Ko, Oapjes

1

R0, Caples

Comvuder, faval Alr lystamn Cramand
Departaent of tb Navy

“m D, C. mm

Attn: Code 310C (N. Rosemmsser) 1

, 12
U. 8. &y Researeh Offise
P. 0. Box 12211
Research Triangle Park, Nerth Casrolime 27709
Atta: CED-AA-IP 1
U. 8. Naval Oceamogrephis Offiee
Library, Code 1640
Suitland, Maryland 20390 1
Naval Ship Research & Develgpaent Omter
Amnapolis Division
Annspolis, Naryland 22402
Cosmander

znmm&m

tor

San Diego, Califormia 92132

Attn: Technical Librery, Code 133 1

Naval VWeapons Center
Chine Lak', Califormia 93555
Attn: UHead, Chemistyy Bivisien b §

Naval Civil Rngimsering lLeboratery
Poi t llusncme, Califermia 930K
Attn: Mr, W, S. Haynes 1

Professor 0. Reins

Department of Piysies & Chemistey

Naval Postgraduate Sohool

Monterey, Califormia 93940 1

uo ‘QLW
Scientifis Advisoer
maﬁol;;;m(uon-u

Washingtom, D. C.




Br. K. B. Johagen

Pr. G. A. Somorjat

Dept of Chemistry
Uatversity of Califorats,
Berkeley, Califorais 94720

DPr. Mobert W. Veugha

California lmstitute of Techmslegy

Division of Chemistry and Chemical
Eagineseriag

Pasadena, Califormis 91123

Dz. David A. Vyeom
INTELCOM RAD TECR
?.0. Box 80817

Saa Diego, Califorania 9213

br. J. Bruce Vagner, Jr.
Nerthwestera University
Bvanston, Illiwmeis 60200

. J. N. White
Dept of Chemistry
Uaiversity of Texss
Amotin, Texas 78712

Pr. Joha T. Yates, Jr.

U.8. Dept of Commerece
Netiongl Duresu of Standavde
Surface Chemistry Section
Washington, B.C. 20234

Pr. J. B. Dammth
Interseticnsl Business VWachinee

Cerxp.
Thenas J. Vetosn Ressasrch Canter
?.0. Bex 218
Yorktown Heights, Nev Yook 10900

Br. C. P. Myma
Uaiversity of Illineds
Dept of Mhyeice
Urbema, Illimeds €1O0R

Pr. U. Kebn

Depertaent of Physies

Uaiversity of Califernis (Sen Dlege)
Ls Jolla, Califernis 92087

Pr. 2. BR. Nadey
Nationsl Buress of Stamdexde

Surface Processes and Catalysis
Section
Weshington, B.C. 20234

br. R. L. Pagk

Director, Cemter of Materials
Research

University of Nerylasd

College Park, Meryland 20742

r. W. T. Peria

Electrical Baginsering Dept
Uaiversity of Nimmesota
Misncapelis, Mimmessts 3535433

Pr. Narkis Tosar

City University of New York
Convent Avemwe st 130th Strest
Bew York, New Yerk 10031

Pr. R. F. Wallis

Depatnent of Pigyeics
Uaiversity of Califernia/Irvise
Irgine, Ciliformia 92664

Br. Chis-wai Voo
Borthwaotern Pniversity
Bapt of Myeiece
Bvensten, Illineis 60203

o Ba v - emagrateh




. e s -

3640 Kk1l1s Avemne
Chicage, Illinsts €067

Dr. P. R. Antoniewicz

Dr. W. D. McCormick
University of Texas

of Physics
Aastin, Texas 78712

Dr. L. X. Jarvis

Surface Chemistry Division
4555 Overlook Avemue, S.W.
Washington, D. C. 20375

Dr. W. M. Risen, Jr.

Brown University

Department of Cher ‘stry
Providence, Rhode . .land 02912

SURPPUSUN

e b e o i =




